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Abstract To obtain wider openings than those provided by Chevron bracing, the braces are cranked
and connected to the frame corner by an additional brace to form double y-shaped bracings. However,
y-bracings are prone to instability and out of plane buckling, accompanied by low hysteretic energy
absorption. An experimental research program, focused on y-bracing, was conducted at the BHRC
structural engineering laboratory. Specimens presented in this paper include three full-scale single bay
frames, with symmetric y-bracing of different cross sections and connection types. In addition, one
specimen with Chevron bracing was tested as a reference. A quasi-static cyclic loading was applied
increasingly until yielding and failure occurred in the specimens. The results show that out-of-plane
buckling is the governing mode of behavior, despite differences in the detailing of cross sections and
connections. Hysteretic energy dissipation and damping of y-bracing are remarkably improved due to the
flexural deformation of brace members. The seismic performance of the three y-braced frame specimens
and a reference Chevron-braced frame was assessed using the capacity spectrum method. The results
show that the y-braced frame, with double gusset plates, can carry almost 60%moreweight than y-braced
frames with single gusset plates.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
For nearly four decades, steelmoment-resisting frames have
been considered one of the best structural systems for buildings
in regions susceptible to severe seismic ground shaking. They
provide excellent compatibility between the structure and open
architecture of most office and residential buildings. However,
experience and research show that severe earthquakes could
produce very large inter-story drifts in moment frames. Such
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Open access under CC BY-NC-ND license.large drifts could result in significant damage to structural and
architectural components. As such, technical and economical
considerations have led many engineers to seek out simpler
and more economical systems that can provide good seismic
performancewith reduced inter-story displacements. Themost
dramatic shift in construction appears to be a substantial
increase in the use of Concentrically Braced steel Frames
(CBF) [1].
In spite of the increasing use of CBF as an earthquake load
resisting system, there has been a growing concern about their
ultimate deformation capacity, because of observed damage in
past earthquakes [2]. The major drawback of CBF systems is
the highly pinched inelastic load-drift cycles, which drastically
decrease seismic energy dissipation. This is more pronounced
in configurations that provide architectural openings in braced
bays, such as Chevron bracing [3].
Symmetrical y-shaped concentric bracing in a single bay is,
typically, shown in Figure 1. Among different CBF configura-
tions, y-shaped concentric bracing has been briefly mentioned
in technical literature. Taranath [4] introduces it as one of the
various forms of concentric bracing.
Sontag et al. [5] introduce this kind of bracing and shows
its advantages in providing door and window openings in
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comparison with other bracing forms, through perspective
drawings.
Yaseri and Shasb [6] mention y-shaped bracing as an option
for industrial steel buildings. They state that this type of bracing
is not efficient under compression in its members. So, it is
advised to use symmetrical pairs of y-bracing in frames braced
by this system.
This idea is also implied in Eurocode 8 [7] for the design
of buildings against earthquakes. Generally, it can be deduced
from literature that y-bracing is not so reliable under compres-
sion in its members. This opinion may stem from observing the
behavior of common connections of bracing members. These
connections commonly include a single steel plate connecting
the intersecting members. In this regard, Davaran and Hovei-
dae [8] noted the effect of mid-connection detail on the be-
havior of X-bracing systems and suggested a connection detail
to improve the continuity of braces. Also, Yoo et al. [9] noted
the restraint provided by beam and column connections onto
gusset plates and their effect on the behavior of multi-story
X-braced frames. Specific guidelines have been presented in
AISC [10] to design single gusset plates that facilitate inelas-
tic rotations at the ends of brace members. Further research
by Lehman et al. [11] shows that AISC details can be further
improved regarding the rotational ductility of gusset connec-
tions. Even by adopting these details and proposals, it is obvi-
ous that the radius of gyration of common single gusset plates
is very small, compared to that of braces. Such a connection is
veryweak against out of plane buckling, and causes the brace to
buckle at low critical loads. AISC [10] recognizes the advantage
of fixed end connections in dissipating seismic energy in special
CBFs.
If, by some measures, the load bearing capacity of y-
bracing were increased up to acceptable levels, it would still
be necessary to use symmetrical pairs of this bracing for
special CBFs. This is deduced from the code [10] requirement
for resisting earthquake load by a combination of tension
and compression in bracing members. In this regard, it
should be noted that three members of y-bracing, connected
at the convergence point, go into tension or compression,
simultaneously, depending on the direction of the applied
lateral load. This is a direct result of having angles less than 180°
between adjacent brace axes.
So far, research has been limited to y-bracings with all of the
braces connected to frame corners, without a connection to the
beam. Badpar [12] derived relations for computing the elastic
buckling load. He assumed the connection of the brace to frame
to be fully fixed. Hinged connections were considered between
brace members at the convergence point. Brace members were
modeled by prismatic frame elements that incorporate bendingproperties. It was shown that for frames of commondimensions
having box section braces, the critical load of y-bracing is
comparable to its allowable tensile load.
Majid Zamani and Rassouli [13] conducted an experimental
study on full scale y-braced frame specimens. In this study,
it was shown that using symmetrical box sections for brace
members leads to out of plane buckling. In addition, the effect
of the location of the convergence point on the critical load
and energy dissipation of the frame was investigated. It was
observed that by moving the convergence point towards the
center of the bay, the energy dissipated, per cycle of loading,
was increased for equal drifts. However, this geometrical
change was accompanied by a reduction in the maximum
tolerable drift.
Moghaddam and Estekanchi [14] have suggested using
y-bracing as a means of reducing earthquake effects. Their
research focused on the elastic behavior of y-bracing under
tension in its members. They observed that low stiffness
for small to moderate lateral deformations, reduces the
building accelerations, while high stiffness under large lateral
deformations, prevents building collapse.
Recently, Saffari and Yazdi [15] developed design charts
for calculating the effective length of braces and the out-
of plane elastic buckling load of y-braced steel frames. They
assumed a rigid connection at the convergence point and simple
connections at corners. Brace members were assumed to have
the same section properties. By comparing their results with
those presented by Badpar [12], in several examples it is seen
that assumptions made by Saffari and Yazdi [15] result in 15%
to 20% smaller effective length for the BR1 brace. However, for
the BR2 brace, effective lengths given by Saffari and Yazdi [15]
are from 30% to 60% larger than values given by Badpar [12].
The effective length of the BR3 brace, as obtained by Saffari and
Yazdi [15], can be up to 35% larger than values computed by
Badpar [12].
In this paper, the results of a series of experimental tests
conducted at the Building and Housing Research Center (BHRC)
are reported. The main objective is to investigate the cyclic
behavior of symmetrical y-shaped concentrically braced frames
with different brace section configurations and connection
details. Another area of concern is the behavior of a beam
connected to braces. It is widely held that this beam is prone
to heavy bending after the buckling of braces and should be
designed to carry a large unbalanced force at mid-span. It will
be experimentally checked, in real scale specimens, how critical
the condition of the beam is in braced bays.
2. Description of specimens
2.1. Design
Full-scale specimens were designed to be as realistic as
possible, while observing the space and loading limitations of
the BHRC Structural Engineering Laboratory. Specimens can be
up to 3.5m high, their span length should be amultiple of 0.6m
and their expected lateral load should not exceed 900 kN. So,
determining the appropriate dimensions of specimens needed
several cycles of trial and error.
All specimens are single bay, one story frames, with 6.0 m
span and3.2mheight c/c. The general geometry of y-braced and
Chevron specimens is shown in Figures 2 and 3, respectively.
The cross section of braces is presented in Table 1.
S. Majid Zamani et al. / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 195–210 197Table 1: Brace sections and gusset plates of specimens.
Specimen Gusset Plates Cross section of brace member
Circular Rectangular BR1&BR3 BR2
y-5 Double PL15 Double PL10 2U100+ 2PL10× 70× 1300 2U100
y-6 Double PL15 Double PL10 2U100 2U100
y-7 Single PL15 Single PL15 2U100 2U100
Chevron – Double PL10 2U100 –Figure 2: General geometry of y-braced frame specimens.
Figure 3: General geometry of Chevron braced frame specimen.
Specimens were analyzed as trusses to determine internal
axial forces. The main failure mechanisms considered included
the buckling of braces and the plastic hinging of the beam.
To determine the buckling load of braces in compression,
their effective lengthswere computed from an eigenvalue anal-
ysis, considering specimens as frames with moment connec-
tions. Specimen y-7 could not develop noticeable compressive
resistance, due to the existence of single plate connections and,
thus, its lateral load capacity is based on tension in its braces.
The result of brace slenderness computation is presented in
Table 2.
Based on the above data, the lateral load capacity of
specimens can be calculated in cases of brace yielding, brace
buckling or beam plastic hinging. The design load capacity ofTable 2: Slenderness (kL/r) of braces in different specimens.
Brace Buckling y-5 y-6 Chevron
BR1 In plane 58 46 88Out of plane 44 49 73
BR2 In plane 50 53 –Out of plane 59 59 –
BR3 In plane 58 45 –Out of plane 45 50 –
Table 3: Design base shear, Vd , and effective seismic weight of one story
building (kN).
Vd based on
brace
mechanism
Vd based on
beam plastic
hinging
Effective seismic
weight based on
minimum Vd of one
braced bay
y-5 430 496 1225
y-6 333 468 950
y-7 193 195 530
Chevron 454 470 1293
specimens is calculated, based on a nominal yield stress of
235 MPa and a strength reduction factor of 0.9. The axial force
of the tension brace is calculated as its design yield force. For
calculating the lateral design force, Vd, corresponding to beam
plastic hinging, the compressive axial force in the buckled brace
is taken as 30% of the design compressive strength of the brace.
Design loads, Vd, are presented in Table 3.
As seen in Table 3, specimens are designed, so that their
braces buckle before the formation of plastic hinges in their
beams. Assuming an over strength factor of 2.0, it is anticipated
that developing the plastic mechanism in specimens will be
within the capacity of the available testing facility.
TheASCE 7-05 [16] codewas used to compute the acceptable
effective seismic building weight for one braced bay in a
symmetrical plan, as typically shown in Figure 4.
The seismic base shear, V , is related to the effective seismic
weight,W , through the following equation:
V = CsW . (1)
Cs is the seismic response coefficient defined as:
Cs = SDS/(R/I). (2)
In this study, a seismic site, with a deep layer of stiff soil, site
class C , is assumed. Accelerations, Ss = 1.3 g, S1 = 0.5 g, and
site coefficients, Fa = 1.0 and Fv = 1.3, represent high seismic
activity at the assumed site. The maximum natural period of
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building, regarding its height, is 0.16 s for a braced frame, as
given by ASCE [16]. Based on these assumptions, SDS or 5%
damped design spectral response acceleration at short periods
is computed to be 0.867. SDS corresponds to the smoothed
average of the elastic response of short period structures to
earthquakeswith 10% probability of being exceeded in 50 years.
The responsemodification factor, R, is equal to 3.25 for ordinary
concentric bracings. Occupancy importance factor, I , is equal to
1 for the vast majority of structures. Based on this data, Cs is
computed to be 0.27.
Horizontal seismic load effect, Eh, is related to seismic base
shear, V , through the following equation:
Eh = 1.3V . (3)
By taking Eh to be equal to the sum of design strengths of braced
frames in one story, SVD, one can find the acceptable values of
base shear, V , and seismic weight, W . Regarding the effective
seismic weights presented in Table 3, it can be said that the
specimens considered in this study are suitable for laterally
supporting between1000–1200kNof buildingweight. It should
be noted that in the case of specimen y-7, which mainly relies
on its tensile braces, two braced bays are needed to provide a
lateral resistance similar to specimen y-6.
2.2. Fabrication details
Detailed geometries of specimens are shown in Figures 5–8.
Dimensions shown in Figures 5–8 are in mm, unless stated
otherwise.
Typical details of connections with single and double gusset
plates are shown in Figures 9 and 10, respectively.
Both single and double plate connections are designed to
transfer the axial force capacity of braces to the frame. In
addition, double plate connections provide moment capacities
in excess of those of braces. Single plate connections are
dimensioned to provide rotational flexibility, so that plastic
hinges develop in plates. The position of brace ends relative to
frame members was determined regarding the elliptical yield
line of gusset plates, suggested by Lehman et al. [11].
Cross sections of rolled structural shapes used are shown in
Table 4. The U100 section, as used in the fabrication of braces,
was the best product available, but it had minor differences
with the German DIN-1026-1 [17] standard, which resulted in
an almost 7% smaller section area.
Cross sections of braces in specimens y-5, y-6 and Chevron
are composed of two U100 channel sections joined byFigure 5: Geometry of specimen y-5.
Figure 6: Geometry of specimen y-6.
Figure 7: Geometry of specimen y-7.
continuous welding of their flanges. In specimen y-5, a special
section was designed for BR1 and BR3 braces to avoid out of
plane buckling and facilitate their in plane buckling. This section
is composed of two U100 channels arranged in a ‘back to front’
pattern in which the legs of one channel are welded to the web
of another channel. Additionally, steel strips welded on vertical
sides of cross sections are used to strengthen BR1 and BR3 brace
members against the out of plane buckling in specimen y-5. In
addition, 400mm long reinforcing steel plates were added onto
both ends of BR1 and BR3 braces of specimen y-5 to prohibit
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Dimensional standard Section height, h
(mm)
Flange width, b
(mm)
Flange thickness, t
(mm)
Web thickness,
s (mm)
Section
area, A
(mm2)
IPE 270 DIN-1025-5 [18] 270 135 10.2 6.6 4590
IPB160 DIN-1025-2 [19] 160 160 13 8 5430
U100 DIN-1026-1 100 46 8.5 4.5 1250Figure 8: Geometry of Chevron specimen.
Figure 9: Typical details of connection with single gusset plate.
local buckling and rupture adjacent to connections. Gusset
plates are made of 10 or 15 mm thick plates, as mentioned in
Table 1, welded on two sides of braces using fillet and plug
welds.
Brace elements in specimen y-7 are composed of two U100
channels with 15 mm clearance, and connected together at
40 cm intervals using steel tabs. Single gusset plates 15 mm
thick were used in this specimen connected with fillet welds.
Circular connection plates were used at the convergence
point to provide right angles between the brace and edge of the
connection plate for any inclination of braces.
The beam section was strengthened against shear and
bearing stress transferred by braces at its mid-span by adding
a doubler plate to the web and attaching several vertical
stiffeners to it.
The result of tensile tests on coupons taken from steel
sections is shown in Table 5. ASTM A6M [20] and ASTM
A370 [21] standards have been followed for the preparation andFigure 10: Typical details of connection with double gusset plates.
Table 5: Material tensile test results.
Fy (MPa) Fu (MPa) Strain at
rupture (%)
Web of U100 318 425 20
Flange of U100 274 404 22
Steel plate PL10 283 413 25
Web of IPB160 280 431 27
Flange of IPB160 291 440 24
Web of IPE270 286 446 25
Flange of IPE270 306 441 26
tensile testing of coupons taken from steel material. The values
presented in Table 5 are the average of results of three coupons
for each item.
The characteristic stresses presented in Table 5 are used to
compute the internal forces in structural members at yield and
strength levels. Having separate strength data for the web and
flange of sections improves the accuracy of force computations.
3. Test setup
Braced frame specimens were installed on the strong
floor by hinged supports, providing free in-plane rotation but
prohibiting out of plane rotation at supports. Horizontal steel tie
bars installed at right angle to the beam longitudinal axis were
used to restrain the beam and column heads from horizontal
out of plane deflection or buckling.
Hydraulic jacks were used to apply cyclic loading to the
specimens at the level of the s. The test setup is shown in
Figure 11. The load was increased in equal increments until the
first signs of yielding or buckling appeared in load-drift cycles.
After that, equal drift increments were applied up to failure.
The loading protocol presented in Section T6 of Appendix T
of AISC Seismic Provisions [10] was followed to determine the
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Figure 12: Displacement history of specimen y-5.
amplitude and number of cycles. Loading was quasi-static, as
the maximum loading rate recorded was 0.5 mm/s.
A multi-channel data logger recorded digital readings of
load, displacements and strains. Load cells were installed
between loading jacks and the specimen to give direct readings
of lateral load applied at any moment. In plane and out of
plane deflections were recorded at various locations including
several points on the beam and connection plates. Strain gauges
were installed parallel to the longitudinal axes of members at
locations on the braces, columns and the beam.
4. Test results
4.1. General behavior and maximum load
4.1.1. Specimen y-5
The displacement history of specimen y-5 is shown in
Figure 12. The applied load is plotted versus the horizontal drift
ratio of specimen y-5 in Figure 13. Drift ratio was computed
by dividing the horizontal in-plane displacement at the beam
centroid to the height of the beam centroid above the axis of
rotation of supports.
Specimen y-5 started nonlinear behavior at about 588 kN
lateral load and 0.007 drift ratio. At this stage, the flaking of
whitewash, due to yielding, could be observed on all braces,
adjacent to the gusset plates. After completion of loading cycles
of 686 kN load and 0.008 drift ratio, yielding spreadmuch faster,
especially in BR1 and BR3 braces. After exceeding 0.01 drift
ratio, out of plane displacement at the circular gusset plate
increased at notably higher rates. Local plastic deformations
were concentrated in BR1 and BR3 brace ends adjacent to the
circular gusset plate.Figure 13: Load-drift cycles of specimen y-5.
Figure 14: Crack in weld of reinforcing plate of brace BR3 adjacent to circular
gusset plate.
Figure 15: Rupture of channel section and separation of steel strip in brace BR3
of specimen y-5.
At 0.013 drift ratio, cracks were observed in welds connect-
ing reinforcing plates to channel sections of BR3 braces near the
circular gusset plate, as shown in Figure 14. By increasing the
drift ratio to 0.018, rupture of the channel section and separa-
tion of steel strips near the convergence point occurred and re-
sistance dropped sharply. Figure 15 shows the condition of the
connection of the BR3 brace to the circular gusset plate at this
stage of loading, when the test was terminated.
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Figure 17: Load-drift cycles of specimen y-6.
4.1.2. Specimen y-6
The displacement history for specimen y-6 is shown in
Figure 16.
In specimen y-6, yielding could be observed in the load-drift
plot at a lateral load of about 539 kN, corresponding to a drift
ratio of around 0.01. Whitewash flaking was visible as a sign of
yield strain in a longitudinal direction on braces BR1, BR3 and
BR2, adjacent to the circular gusset plate. Maximum lateral load
remained constant at about 539 kN up to 0.02 drift, as can be
seen in Figure 17.
In this specimen, out of plane deflections incorporating
three brace members in compression, dominated the behavior.
Braces BR2 and BR3 deflected out of plane like cantilevers, with
maximum deflection at the circular gusset plate. Out of plane
deflection of brace BR1 resembled a propped cantilever with
its fixed end at the beam mid-span connection. The maximum
out of plane deflection occurred in brace BR1 at a distance of
0.2 m from the edge of the circular gusset plate. It seemed
that the double circular gusset plates and the connected braces
BR2 and BR3 acted like a flexible support for the BR1 brace.
Local buckling in the bottom and at one of the side faces of
the brace BR1 section occurred near the circular gusset plate
at a drift ratio of 0.025. A combination of local and global
buckling led to the rupture of the weld joining the channel
profiles. Local buckling of the brace and the deformed shape of
the braced frame are shown in Figures 18 and 19, respectively.
Based on observation of whitewash flaking, four plastic hinges
developed at every span of specimen y-6. A plastic hinge region
developed in brace BR1, adjacent to the circular gusset plate,
covering almost half of the brace free length. Other plastic
hinges developed in all braces adjacent to the rectangularFigure 18: Local buckling of brace BR1 of specimen y-6.
Figure 19: Out of plane deformation of brace BR1 of specimen y-6.
Figure 20: Fracture of U100 channel section in brace BR1 of specimen y-6.
gusset plates. In the first cycle of 0.035 drift ratio, a sizable
crack developed in the flange of the BR1 brace at the location of
previous local buckling, near the circular connection plate.This
crack, which is shown in Figure 20, sharply reduced the load
bearing capacity of bracing.
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Figure 22: Load-drift cycles of specimen y-7.
4.1.3. Specimen y-7
The displacement history of specimen y-7 is shown in
Figure 21.
Specimen y-7 represents a common practice in steel
construction, using single gusset plates and brace sections
composed of channels joined by steel tabs. These features
facilitated the out of plane buckling of the bracing system
in specimen y-7. Judging from the values of out of plane
displacement at the center of the circular gusset plate, it can be
said that buckling started at 0.004 drift ratio and 300 kN lateral
load. Whitewash flaking, as a sign of axial tensile yielding, was
observed on the BR1 brace at a lateral load of about 392 kN and
0.0065 drift ratio. The load level after yielding remained almost
constant up to drift of 0.038. The maximum load achieved was
about 417 kN at 0.025–0.037 drift ratio. Load-drift cycles are
shown in Figure 22.
The main feature of specimen y-7 was the heavy bending
and plastic deformation of gusset plates, especially the circular
gusset plate, as can be seen in Figure 23. This bending was
accompanied by the out of plane displacement of braces, as
shown in Figure 24. Moderate plastic strains were observed
in flanges of the U100 channel sections of long braces. As
can be noted in Figure 23, BR2 braces remained elastic, since
they were too stiff and transferred plastic demands to the
flexible gusset plates. Gusset plates at the corner of the frame
experienced moderate plastic bending, as shown in Figure 25.
The connection plate at the mid-span of the beam showed few
signs of plastic strain, because of having only one restrained
edge and being almost free to bend at other edges. The beam
experienced slight plastic strains at the mid-span on the top
flange, as shown in Figure 26. The test was finished after
completion of 0.039 drift ratio cycles, while no failure orFigure 23: Plastic strains due to bending in circular gusset plate of specimen
y-7.
Figure 24: Bending and out of plane movement of circular gusset plate of
specimen y-7.
Figure 25: Plastic strains and yield line in corner gusset plate of specimen y-7.
deterioration of strength could be observed in the braced frame.
Noting that ASCE 7 [16] limits the drift ratio to 0.025 for low-
rise buildings, a drift ratio of 0.039 was thought to be enough
for exploration of the behavior of specimen y-7.
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Figure 27: Displacement history of Chevron specimen.
Figure 28: In-plane buckling of north brace of Chevron specimen.
4.1.4. Chevron specimen
The displacement history of the Chevron specimen is shown
in Figure 27.
The specimen with Chevron bracing serves as a reference
in this series of tests. Braces are made of two U100 channels
joined by the continuous welding of flange tips. Connections
of braces are comprised of double gusset plates to resist the
bending of braces. The behavior of the Chevron specimen was
linear up to about 549 kN load at 0.005 drift, at which point in-
plane buckling occurred in the braces, as shown in Figure 28, forFigure 29: Out of plane buckling in south brace of Chevron specimen.
Figure 30: Load-drift cycles of Chevron specimen.
the north brace. By increasing drift ratio to 0.016, the Chevron
bracing showed out of plane buckling combined with local
buckling in the south brace member, as seen in Figure 29. Local
buckling of the web of the lower U100 section at the midspan
of the north brace was observed at 0.013 drift ratio and 500 kN
load.
At 0.023 drift ratio, longitudinal rupture developed in the
north brace at the location of previous local buckling. This
rupture sharply reduced the load bearing capacity of bracing at
drift ratios exceeding 0.03, as can be seen in load-drift cycles,
shown in Figure 30. Figure 31 shows the rupture of the brace at
its mid-span.
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Chevron specimen.
Figure 32: Load-drift cycles of bare frame.
4.1.5. Bare frame
The presence of square gusset plates at the corners of the
braced frame specimens discussed so farmayprovide rotational
constraint between the beam and column. This effect may be
responsible for a fraction of the lateral resistance of the braced
frame. Therefore, it seemed reasonable to test the bare frame
and determine its load bearing characteristics. After completion
of testing specimen y-5, frame elements were still elastic, so all
braces were cut and the frame was cyclically loaded. Load-drift
cycles of the bare frame are shown in Figure 32.
4.2. Backbone curves
Backbone curves passing through peak points of consecutive
loading cycles of braced frames are extracted and shown in
Figure 33 togetherwith the curve of the bare framewithout any
braces. It was attempted to have pinned connections between
the girder and column with minimum moment transfer.
However, the gusset plates acted as moment connections and
provided a rotational constraint between the beam and column.
For specimens y-7 and Chevron, which exceed 0.03 drift ratio,
almost 17% lateral resistance is provided by the frame action
at this drift level. At smaller drift levels, the contribution of the
frame action is less than 17%.
A comparison of specimen y-7 with single plate gussets,
and specimen y-6 with double plate gussets, shows that using
double gusset plates results in an average increase of 25% in
the lateral load capacity of the y-braced frame, at drift ratios
from 0.006 to 0.028. Specimen y-5 reaches a maximum load of
784 kN, which is 35% more than specimen y-6. Regarding theFigure 33: Backbone curves of four specimens.
60% higher material usage in braces BR1 and BR3 of specimen
y-5, its load capacity is not so attractive when compared to
specimen y-6. The Chevron specimenwith double gusset plates
reaches the maximum load of 637 kN, which drops to 539 kN
after the buckling of the compressive brace. At drift ratios more
than 0.025, the strength of the Chevron specimen is comparable
to specimen y-7.
It is noteworthy that, except for specimen y-7, other
specimens start losing their strength at drift ratios around
0.01 or less. Specimen y-7 has single plate gussets that bend
in-elastically and allow considerable rotations at the brace
ends. This leads to small axial forces in compressive braces of
specimen y-7, compared to large axial forces in tensile braces.
Therefore, the buckling of compressive braces has a negligible
effect on the lateral strength of specimen y-7. Other specimens
have double plate gussets that remain elastic and do not let
braces rotate at their ends. So, the buckling load of compressive
braces will be much higher than the braces in specimen
y-7. The buckling of braces in specimens y-5, y-6 and Chevron,
and the consequent loss of axial force, results in a considerable
reduction in the lateral resistance of these specimens.
4.3. Displacement ductility
Using bilinear idealization of the backbone curves of
Figure 33, displacement ductility values achieved in tests can be
calculated. Bilinear load-drift curves are presented in Figure 34.
Table 6 shows the results of ductility calculations. It should be
noted that∆y values represent drift at the effective yield point,
which is larger than drift at the initial yield point.
Despite having braces designed to resist global buckling,
specimen y-5 suffered severe local buckling at the ends of
its BR3 braces. This specimen started losing its strength at
early stages of loading, thus, yielding a ductility of only 2.25.
Specimen y-6 experienced out of plane buckling, followed
by the local buckling of braces. Therefore, its drift ratio was
limited to 0.028, which, in combination with a relatively
large yield drift of 0.0075, gave a low ductility of 3.8. The
plastic bending of gusset plates in specimen y-7 proved a
durable mechanism, which let specimen y-7 reach 0.036 drift
ratio without losing strength. This behavior led to a favorable
ductility of 5.7 for specimen y-7. Selection of 0.036 drift ratio as
∆u/h is a conservative approach, since larger values of ultimate
drift ratio would have resulted in higher ductility values. The
Chevron specimen experienced a combination of global and
local buckling that limited its drift ratio to 0.0325. The main
reason for its high ductility of 8.7 is its small drift ratio of
0.00375 at a yield that shows the high elastic stiffness of
Chevron bracing.
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Specimen ∆y/h ∆u/h ∆u/∆y
y-5 0.0075 0.017 2.25
y-6 0.0075 0.028 3.8
y-7 0.00625 0.036 5.7
Chevron 0.00375 0.0325 8.7
Figure 34: Bilinear idealization of load-drift backbone curves.
Figure 35: Cumulative hysteretic energy dissipation of braced frames versus
drift ratio.
4.4. Energy dissipation
Inelastic deformations under cyclic excitations result in
hysteretic energy dissipation. Areas enclosed by load-drift
cycles during the test have been computed and are presented
in Figure 35. Steps that appear in curves are due to repetitive
loading cycles at an inelastic deformation range. The energy
dissipation for the bare framewithout any braces is also plotted
to show its share in braced frame results. As shown in Figure 35,
the share of the frame in energy dissipation is negligible.
Specimen y-7, with conventional box braces and single plate
gussets, has the lowest energy dissipation among all specimens.
The dissipated energy by braces of specimen y-7was computed
using longitudinal strains and brace elongation data recorded in
the test. The result is presented in Figure 36,where it is seen that
braces have dissipated almost 20% of the total energy. Thus, the
inelastic bending of gusset plates is responsible for dissipating
almost 80% of input energy.
Specimen y-6, which differs from specimen y-7 in having
double plate gussets, dissipates almost twice the energy
through the buckling and yielding of braces. Specimen y-5,
with a non-symmetrical cross section for BR1 and BR3 braces,Figure 36: Cumulative hysteretic energy dissipation of braces in specimen y-7.
Figure 37: Definition of energy quantities in calculation of hysteretic damping.
has more energy dissipation in comparison with specimen
y-6. Unfortunately, specimen y-5 encountered early local
failures at brace ends and could not reach 4% drift ratio. The
Chevron specimen has an energy dissipation capacity similar to
specimen y-6 resulting from the inelastic buckling of its braces.
4.5. Damping
Hysteretic damping is proportional to the amount of energy
absorbed in each cycle and reversely proportional to the
stiffness of the structure. The relation used to compute the
damping ratio is [22]:
D = Wd
4πWs
.
As shown in Figure 37, Wd is the area under one complete
cycle of load-drift curve, andWs is the work done by the spring
force during loading the structure to the maximum drift in the
same cycle.
In Figure 38, the damping ratio has been presented against
the drift ratio for four specimens.
Specimen y-7, with conventional single gusset plates, shows
the least damping values, remaining constant at 0.13 for drift
ratios ranging from 0.01 to 0.036. Other specimens, which have
double gusset plates, show damping values roughly twice that
of specimen y-7, although the stable behavior of specimen
y-7 is noteworthy. In addition, it is noted that Chevron bracing,
which is traditionally believed to have low energy dissipation
and damping, shows high values of damping in this research.
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4.6. Beam design and demands
Beam design plays a key role in the general behavior
of Chevron and single bay y-braced frames. AISC Seismic
Provisions [10] require that beams in V-type Special CBF
should be designed for extreme unbalanced forces, originating
from unequal axial forces in the two braces. The axial
force of the tensile brace is taken as RyFyAg and that of
the compressive brace is assumed to be 0.3FcrAg . It means
that tensile stress reaches its highest expected value, while
compressive stress takes on the lowest value corresponding
to repeated loading cycles. This procedure leads to beams
with large cross sections, which are hard to accommodate
in conventional steel frames. The beam of specimens in the
current study does not satisfy AISC strength requirements, but
it was observed that plastic behavior was absent or slight
in the beam when braces yielded and buckled in tests. This
prompted a more thorough study of the unbalanced force
exerted on the beam to assess and compare its capacity
and demand. In this study, the requirements of AISC Seismic
Provisions [10] are checked against experimental observations.
The most important parameter in determining the unbalanced
force exerted on the beam is the axial force of the compression
brace. To have an idea about the real axial force developed
in braces, it was attempted to measure this force during
the experiment. Strains on four sides of each brace were
recordedduring the test by strain gauges installed on the braces.
Stress–strain curves of steel were plotted by testing coupons
taken from the web and flange of channel sections of braces.
Elasto–plastic behavior models with kinematic hardening were
extracted fromcoupon test results andused to compute stresses
from strain readings. Tangent modulus of elasticity, Et , acts
as the hardening parameter of bilinear models. Et is equal to
1372 MPa for the web and 1670 MPa for the flange of U100
channels.
Axial forces of braces were computed from stresses calcu-
lated for four sides of the cross section. They are shown in
Figures 39–41 for specimen y-5, y-6 and y-7, respectively. The
effect of double plate gussets on increasing the compressive
stress in braces is evident by comparing Figures 40 and 41,
where negative force values indicate compression. In the final
stages of loading, compressive forces fall below 10% of the ten-
sile forces in braces of specimen y-7, which has single plate gus-
sets. However, for specimen y-6, the compressive force remains
above 50% of the tensile force up to 0.03 drift ratio.
Axial forces of braces in Chevron and y-braced frames
are resolved into horizontal and vertical components at the
connection to the beam. The vertical components act in
opposite directions and their resultant is of prime importance,Figure 39: Axial forces measured in braces of specimen y-5.
Figure 40: Axial forces measured in braces of specimen y-6.
Figure 41: Axial forces measured in braces of specimen y-7.
since it induces bending moment and shear in the beam,
which, in combination with gravity effects, may lead to critical
conditions. The horizontal components of brace axial forces act
in the same direction and induce axial force in the beam. Even
in the case of beams not connected to rigid diaphragms, the
axial force can be carried, mainly by the tensile half-span of the
beam. As such, the horizontal resultant of brace axial forces is
of secondary importance and not considered in this study. To
calculate the vertical unbalance force on the beam, axial forces
expected to develop in tension and compression braces are
calculated for the BR1 brace and are shown in Table 7. Three sets
of assumptions are considered for these calculations. In the first
method, AISC Seismic Provisions [10] are followed, based on an
expected yield stress in tension equal to 1.5Fy. Also shown in
this table are the axial forces, calculated based on themeasured
yield stress and tensile strength of the steel material. Observing
themagnitude of the compression force in specimen y-6 braces
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AISC
based on
Fy
Based on
real Fu
Based on
real un-
factored
Fy
Experimental
Ty 1259 – 1056 915
Tu – 1480 – 950
y-5 Pn 713 860 860 775
Pn,final 214 430 430 470
Funbal. 470 470 281 215
Ty 815 – 684 690
Tu – 957 – 700
y-6 Pn 483 588 588 640
Pn,final 145 294 294 415
Funbal. 301 298 174 128
Ty 815 – 684 580
Tu – 957 – 740
y-7 Pn – – – 285
Pn,final – – – 90
Funbal. 367 430 308 292
Ty 815 – 684 –
Tu – 957 – –
Chevron Pn 373 425 425 –
Pn,final 112 213 213 –
Funbal. 519 551 349 214
after buckling, it was assumed that 50% of the peak buckling
load participates in force balance calculations of specimen
y-5, y-6 and Chevron. For specimen y-7, only tension force was
considered regarding the low compression forces observed in
Figure 41. The above methods are based on the buckling stress
formulae of AISC [23], with different assumptions regarding the
yield stress and the final post-buckling stress of braces. Another
method to check the maximum unbalanced force on the beam
is to use the brace axial force diagrams shown in Figures 39–41.
So, a columnentitled ‘‘Experimental’’ in Table 7 is devoted to the
force values taken from these figures. The following symbols are
used in Table 7:
Ty: Expected yield force in tension;
Tu: Tensile strength;
Pn: Nominal compressive strength;
Pn,final: Reduced nominal compressive strength due to buckling
and cyclic loading.
Unfortunately, it was not possible to construct smooth axial
force diagrams from strain gauge readings for the Chevron
specimen. The value of the unbalanced force, quoted in Table 7
for the Chevron specimen, is calculated from strain readings
on columns. It can be seen, in Table 7, that the unbalanced
force required by AISC is close to real values obtained by using
the tensile strength of steel material. On the other hand, the
unbalanced force values calculated from experimental axial
forces of braces are close to the real values, using the unfactored
yield stress of steel. The magnitude of unbalanced force
required by AISC is almost 2.5 times the experimental value in
Table 6, for specimen y-5, y-6 and Chevron. However, in the
case of specimen y-7, the force ratio is just 1.25, which shows
that the AISC requirement is best suited to the braced frames
with flexible single plate connections. The commentary of AISC
Seismic Provisions states that stocky braces with slenderness
ratios less than 60, which have higher post-buckling resistance,Table 8: Comparison of recorded beam deflections and elastic limit
deflections (mm).
y-5 y-6 y-7 Chevron
Experimental 19.6 26 30.4 38.9
Elastic limit 32 32 32 34.5
are rarely used in buildings. It seems that the above statement
has been made, with regard to the braces with flexible single
plate gussets, which sharply lose their compressive strength in
repeated loading cycles. Using double plate gussets in specimen
y-6 results in slenderness values less than 50 for brace BR1,
which means higher post-buckling resistance. It is noted that,
if AISC Seismic Provisions were to be followed in the beam
design, a beam with an almost 500 mm section height would
be needed. The beam used in current specimens has a height
of 290 mm, and its performance has been satisfactory during
the tests. The cross section of the beam is composed of an
IPE270 profile, plus steel plates, PL200 × 10 mm, on both
flanges. The nominal plastic moment capacity of the beam is
308 kN m, based on the real yield stress of steel. The vertical
force at the midspan needed to develop a bending moment
equal to the nominal moment capacity, is equal to 206 kN
for the Chevron specimen and 245 kN for specimens y-5, y-6
and y-7. In this regard, it is seen from Table 6, that the beam
should have remained elastic in specimens y-5 and y-6, which
can be verified to be true, according to test observations. In
both specimens, y-7 and Chevron, the experimental unbalanced
force is marginally larger than the beam plastic capacity, which
agrees with the slight plasticity observed during the tests. The
vertical deflection of the beam at its midspan was directly
recorded in the tests, and can be compared to maximum
elastic deflection to obtain a view of beam behavior. Based
on geometrical properties and experimental Fy, the beam in
specimens y-5, y-6 and y-7 can deflect elastically up to a
deflection of 32 mm, while in the Chevron specimen, this value
is 34.5 mm. Table 8 shows themaximum recorded deflection of
the beam against the calculated maximum elastic deflections.
Contents of Table 8 confirm the elastic behavior of the beam
in specimens y-5 and y-6, while showing an inelastic excursion
in the beam of the Chevron specimen. Specimen y-7 shows a
border case, where the recorded deflection is just 5% less than
the elastic limit.
5. Assessment of seismic performance
After obtaining experimental data on y-braced frames, itwas
attempted to asses and compare the seismic performance of
these bracings. In this study, a seismic site with a deep layer
of stiff soil, site class C , is assumed. Accelerations Ss = 1.3 g,
S1 = 0.5 g and site coefficients Fa = 1.0 and Fv = 1.3 represent
seismic activitywith 2% probability of exceedance in 50 years at
the assumed site.
Seismic performance is a result of matching seismic demand
and structural capacity. In normal design processes, the
nonlinear performance is not explicitly checked. Rather, it is
checked that enough strength exists to copewith factored loads,
and that the amplified elastic deflections are less than specified
limits. The performance point, as thematching point of demand
and capacity, is one of the key parameters in assessing the
realistic seismic response of structures. In this study, the
capacity spectrummethod is adopted to assess the performance
of the Chevron and y-braced frame specimens tested. This
method is based on converting the backbone capacity curve and
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Table 9: Performance point of models considered at LS level.
Model Wa
(kN)
Sa (g) Effective
damping (%)
dt (cm) dt/hstory
y-5 1842 0.38 27 4.0 0.0125
y-6 2205 0.22 30 6.5 0.02
y-7 1372 0.30 18 7.5 0.023
Chevron 2450 0.19 30 7.5 0.023
seismic demand curves to acceleration–displacement response
spectra (ADRS) [24]. The performance point is found by
matching capacity and demand spectra, while the ability of
the structure is continuously checked for attaining the effective
damping level embedded in the demand spectra. The idealized
capacity curves of specimens, y-5 to y-7 and Chevron, as shown
in Figure 34, and hysteretic damping values shown in Figure 38
are used in this process. Effective damping is obtained by adding
hysteretic damping and 5% viscous damping.
Based on spectral acceleration values, Ss and S1, mentioned
previously, response spectra are computed for two seismic
hazard levels. A factor of 2/3 is assumed for computing the
response, due to the 10%/50 year probability of exceedance
earthquake from a 2%/50 year earthquake. Acceleration re-
sponse spectra for effective damping values more than 5%
viscous damping are obtained from 5% damped elastic spec-
tra, using modification factors developed by Newmark and
Hall [25]. The result of the matching capacity and demand due
to an earthquake, with 10%/50 year probability of exceedance,
is shown in Figure 42.
Numerical data regarding performance points are shown in
Table 9. These are final values after adjusting the weight of the
building per braced frame,which is shown asWa.Wa represents
the maximum weight that the braced frame can sustain under
prescribed seismic conditions without passing allowable limits
of deflection.
Target drift or drift at the performance point was selected
based on several criteria. The basic criteria was a drift ratio
limit of 0.025 prescribed for typical framed buildings in ASCE7.
Since braces would yield at drift ratios of 0.025, their plastic
deformation should be checked to remain below acceptable
limits. The averages of axial strains recorded in braces at
relatively high drift ratios were compared to strain readings
at first yield or buckling. The ratio of maximum plastic
deformation to deformation at the first yield or buckling
should comply with the ratios presented in Tables 5–7Table 10: Experimental yield mechanism shear, Vy , and design base shear,
VD , of models.
Model Vy (kN) First nonlinearity VD (kN) Ωo = Vy/VD
y-5 735 Brace buckling 430 1.71
y-6 544 Brace buckling 333 1.63
y-7 411 Brace yielding 193 2.13
Chevron 588 Brace buckling 454 1.30
of FEMA356 [26]. In specimens y-7 and Chevron, plastic
deformations of braces were acceptable for drift ratios up
to 0.023. Plastic deformations in specimen y-6 reached their
acceptable limits at 0.02 drift ratio. After determining target
drift, an appropriate damping value was determined from
Figure 38, plus 5% viscous damping. Finally, the weight of
the building in each specimen was adjusted to locate the
performance point on the design spectrumwith an appropriate
damping value.
It can be seen, in Table 9, that models y-6 and Chevron
are able to carry large loads with low acceleration, while high
damping controls their drifts. Model y-5 is a stiff structure,
with small ultimate deformation, which carries low allowable
weight with high acceleration. Model y-7 is flexible but has low
strength and damping, which limit its allowable weight.
To study the design aspects of models considered in this
study, response modification factor, R, was computed. The R
factor is defined as the ratio of elastic base shear to design
base shear and is composed of two parts, namely Rµ and Ωo.
Ωo is the ratio of base shear corresponding to yield, Vy, to the
design base shear, VD. Vy was determined from the bilinear
idealization of load-drift backbone curves of experimental
specimens, as shown in Figure 34. Design base shear, VD, was
computed in Section 2.1, as the lateral force corresponding
to the first buckling or yielding of the critical brace element.
Both the internal force distribution and the critical buckling
force of braces were checked to designate the most critical
brace element in the analytical model. Overstrength factor,Ωo,
represents the effects of the real yield stress of material and the
real buckling strength of braces. Results of R factor calculations
are shown in Table 10.
Rµ is a function of the natural period of vibration of a struc-
ture and its displacement ductility, µ. Newmark and Hall [25]
proposed basic relations for determining Rµ, which are used in
this paper. Drift ductility, µ, is the ratio of inelastic target drift,
δt , to the drift at yield,∆y. Table 11 shows the results of compu-
tations to find R factors. The natural period, Te, was computed
usingWa values from Table 9 and tangent stiffness values, Ki, of
the elastic branch of backbone curves in Figure 34.
Ductility values given in Table 11 correspond to the
seismic performance point of specimens, while ductility values
presented previously in Table 6 correspond to the maximum
drifts achieved in tests. Model y-5 can be set aside from the
comparison of results, due to the premature failure of its braces,
which severely limited its ductility. Models y-6 and Chevron
show close results regarding their allowable building weights,
Wa, and R factor. These twomodels have the same cross section
for braces and the same double gusset connections. Only model
y-7 shows an overstrength factor larger than the code value of
2.0. The higher Ωo value of model y-7 is a result of neglecting
any compressive resistance for braces in the design phase. The
high R factor of specimen y-7 is a result of a highΩo value and
high ductility, due to the bending mechanism of single gusset
plates.
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Model Ki
(kN/m)
Te (s) ∆y
(cm)
dt
(cm)
µ =
δt/∆y
Rµ R =
Rµ ·Ωo
y-5 32440 0.48 2.4 4.0 1.7 1.55 2.65
y-6 21910 0.64 2.4 6.5 2.7 2.27 3.7
y-7 19400 0.53 2.0 7.5 3.75 2.62 5.6
Chevron 43500 0.48 1.2 7.5 6.25 3.39 4.4
6. Conclusions
After conducting quasi-static cyclic racking load tests and
the seismic performance assessment of three specimens with
concentric y-shaped bracings, and one specimen with Chevron
bracing, the following results were obtained.
6.1. Experimental investigation
(1) The y-braced frame with a box cross section for braces and
flexible single plate gussets, which develop considerable plastic
rotations, achieves a stable behavior up to a drift ratio of nearly
0.04. Energy dissipation is achieved mainly through flexural
yielding in gusset plates and axial tensile yielding in braces.
Pinching is dominant in load-drift cycles.
(2) The y-braced frame utilizing double plate gussets and a
box cross section for braces shows a stable behavior up to a
drift ratio of 0.03. Out of plane global buckling combined with
local buckling leads to the formation of plastic hinges in brace
members. Load-drift cycles show small pinching.
(3) Using double plate gussets and designing the cross section
of braces to stimulate in-plane buckling was not successful.
The braces utilizing these measures showed a stiff and brittle
behavior, leading to high local strains and premature failure at
0.0125 drift ratio.
(4) The Chevron braced framewith double plate gussets showed
a stable behavior up to 0.03 drift ratio. A combination of in-
plane and out of plane global buckling of braces formed the
energy dissipation mechanism. The local buckling of braces
led to the destruction of the load bearing system of Chevron
bracing.
(5) The Chevron braced frame showed a distinctive load drop
after the buckling of braces. y-braced frames did not show such
a sharp load drop, due to their gradual buckling process.
(6) Specimens with double plate gussets showed almost twice
the energy dissipation and damping compared to specimens
with a single plate gusset. The reason is the formation of large
plastic regions in buckled and yielded braces.
(7) The vertical unbalanced force measured at the beam mid-
span was from 40% to 80% of the AISC Seismic Provision
requirements for special Chevron CBF. The main reason for the
lower than predicted unbalance force is the use of double plate
gussets, which provided a fixed end condition for the braces and
increased their buckling loads.
6.2. Seismic performance
(1) The seismic performance of y-braced frames with a
symmetrical box section for braces is acceptable at traditional
drift limits of current US seismic design codes. At these drift
values, ductility demands in braces are less than, or equal
to, the inelastic capacities mentioned in seismic assessment
documents.
(2) Given the same member sections for y-braced frames, the
model with double plate gussets could sustain almost 60%morebuilding weight than the model with single plate gussets for
the same seismic performance level. This is a result of higher
hysteretic damping values of models with double plate gussets.
(3) Chevron and y-braced frames with similar brace sections
and double plate gusset connections showed almost the same
seismic performance.
(4) The highest ductility and associated reduction of the
design base shear were computed for Chevron bracing. Among
y-braced models, the one with single plate gussets had the
highest ductility. The ductility of Chevron bracing was almost
1.7 times the highest values for y-braced models.
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